A wideband dual-polarized planar antenna is designed and analyzed by using the theory of characteristic modes (TCM). The eigenvalue, eigencurrent, characteristic pattern, and modal weighting coefficient are analyzed to bring physical insight to this kind of antenna. The results demonstrate that there are two modes resonant in the operating band for each polarization, which have been combined to form a wider frequency band. A bandwidth of 60.2% (1.72-3.2 GHz) for VSWR < 1.5 with high isolation of 32 dB is achieved simultaneously. The size of the radiator structure is 0.33 0 × 0.33 0 × 0.22 0 ( 0 refers to the center operating frequency).
Introduction
Dual-polarized antennas have been widely investigated in wireless communications in past decades [1] [2] [3] . To realize dual-polarization, two kinds of antenna can be chosen: patch antenna and cross-dipole antenna. In the design process of dual-polarized patch antenna, most of the reported designs focus on the impedance matching and isolation enhancement because the design is clearly based on cavity model [4] .
Various dual-polarized planar antennas which are based on crossed dipole have proved their excellent performance and been reported frequently. In the design of this kind of antenna for dual-polarized application, some performance is studied, such as the bandwidth enhancement, isolation improvement, size-reduction, and planarization design [5] [6] [7] [8] [9] . However, there are still many problems existing in the way to analyze the resonant performance of cross-dipole antenna. Generally, this kind of planar antenna is analyzed by studying the elements of the crossed dipole independently. However there are differences in performance between one polarization of crossed dipole antenna and the same linear polarized dipole. It is because that the planar dipole, a twodimensional structure, is different from the line dipole. The crossed line dipole can be analyzed independently because the currents on one of the dipole are orthogonal with the other in dual-polarized application. In [8] , this phenomenon is explained by using concept of coupling between the two crossed dipoles. However, it is difficult to bring physical insight to the resonant phenomenon.
In this paper, theory of characteristic modes (TCM) is applied to analyze dual-polarized planar antenna. The eigenvalue, eigencurrent and characteristic pattern are analyzed without feeding mechanism. In dual-polarized antenna, each polarization has two modes which are forced to resonant in the same frequency band to gain a wider operating band. According to the TCM, the proposed antenna can operate for dual polarization application with a wide bandwidth. Then the antenna is simulated and measured and a good performance has been achieved. This paper is organized as follows. In Section 2, mode analysis is discussed. Section 3 shows the simulated and measured results. Section 4 is a conclusion for this paper.
Mode Analysis
The proposed antenna is shown in Figure 1 . It is fabricated on a square substrate with loss tangent of 0.02 and relative permittivity of 4.4. The substrate has a thickness of 0.8 mm and is located at about 0.26 0 ( 0 refers to the center frequency in vacuum) above the reflector. The antenna can be treated as crossed dipole with a ring around them. One dipole is printed on the front side of a dielectric substrate while the other one is etched on the backside. Four plastic screws are employed to support the dual-polarized antenna.
In this section, the characteristic modes of the proposed dual-polarized planar antenna have been analyzed in FEKO [10] . The detail of TCM can be found in [11] . It is important to point out that, in the analysis of characteristic modes, the reflector and the substrate are assumed to be infinite in the transverse directions. The substrate is assumed to be lossless simultaneously.
TCM Analysis.
In this part, the TCM analysis is carried out for the ring, the crossed dipole and the crossed dipole around by ring, respectively.
Eigenvalues of the crossed dipole and the ring with the same dimensions listed in Figure 1 are indicated in Figure 2 . Eigencurrents of these resonant modes are shown in Figures  3 and 4 . For the ring, there are two degenerated modes which resonate at about 1.88 GHz, while for the crossed dipole, the two degenerated modes resonant at about 2.3 GHz, which is the well-known modes used in dual-polarization application.
The eigenvalues in dB of the proposed antenna are shown in Figure 5 . It is found that there are two resonant modes in the band for each polarization. The slight difference on eigenvalue between each polarization is due to the substrate and numerical error. Different with the ring and the crossed dipole, the resonant frequency of the proposed antenna predicted by TCM is about 1.65 GHz and 2.35 GHz. And the bandwidth of each mode is different with modes of the ring or crossed dipole. However, the bandwidth of the modes resonant at higher frequency of the proposed antenna is wider than all of the modes of the ring and crossed dipole.
Eigencurrents of the four modes of proposed antenna are shown in Figure 6 . For mode 2 (mode 1), the currents on the loop are at the opposite direction with mode 4 (mode 3) at their resonance frequency, respectively, while they have similar currents distribution on the inner part. For a crossed dipole, the currents peak is at the middle of the antenna which indicates that these modes can be fed by voltage sources at this position. By exciting in the center of the antenna, these two modes for each polarization shown in Figure 5 can be combined to widen the bandwidth after examining the radiation patterns of each mode. The analysis of the antenna with excitation is discussed in Sections 2.2 and 3.2.
The normalized radiation patterns of these modes at their resonant frequency are shown in Figure 7 . It can be found that the radiation patterns of these four modes are similar with dipole, which can be excited to realize dual-polarization as expected.
Modal Weighting Coefficient.
A modal solution for the current on conducting body can be achieved by using the eigencurrents [11] . Modal weighting coefficient (MWC) can be computed as follows.
where = ⟨J , E ⟩ = ∯ J ⋅ E , J is the eigencurrent, is the eigenvalue, and E is the tangential component of impressed electric field on surface . The edge port is defined at the center of the crossed dipole and voltage source is added on port 1 shown in Figure 1 . Depending on the magnitude of MWC shown in Figure 8 , mode 2 and mode 4 occupy significant weight in low frequency and high frequency, indicating that they paid major role in radiation. At about 1. 
Antenna Design

Simulated Results.
The proposed antenna is simulated in HFSS [12] . Different with the model in analysis of TCM, the antenna analysis in HFSS is fabricated on the lossy substrate with finite size. The input impedance of the antenna with different mediums, infinite lossless substrate and finite lossy substrate, are shown in Figure 6 . When the imaginary is part of the input impedance, which indicates that the net stored energy is zero, the phenomenon is called antenna resonance. At about 1.72 GHz and 2.25 GHz, the antenna resonance occurred, resulting from the resonance of mode 2 and mode 4. According to the simulated input impedance shown in Figure 9 , the substrate has limited effect on resonant frequency.
The simulated -parameters are shown in Figure 10 . It is found that a bandwidth of 62.4% (1.78-3.39 GHz) for VSWR < 1.5 and high port-to-port isolation of 30 dB can be achieved. The simulated current distribution on the antenna is shown in Figure 11 which is similar to the results predicted by TCM shown in Figure 6 .
The axial ratio (AR) of the two ports is shown in Figure 12 . Across the bandwidth, the AR is higher than 30 dB, indicating that a good dual linear polarized radiation performance is achieved at axial direction. The correlation coefficient between the two ports calculated by using simulated 3D radiation pattern in HFSS is shown in Figure 13 . The result is nearly zeros which indicated that the proposed antenna can radiate orthogonal fields with polarization diversity. Figure 14 shows the fabricated prototype of the proposed antenna. At Port 1, the coaxial cable goes through the hole and the inner and outer conductor is soldered on each half of dipole printed on the front side of the substrate. At port 2, the coaxial cable is soldered on each half of dipole printed on the back side. Figure 10 indicates the simulated and measuredparameters of the designed antenna. The operating band moves slightly down to the lower frequency band compared with simulated results which is attributed to the feeding mechanism using inner and outer conductor of coaxial cable. The proposed antenna achieves a 14 dB return loss bandwidth of 1.72-3.2 GHz for port 1 and port 2. Figure 15 shows the radiation patterns simulated and measured at 1.9 GHz, 2.45 GHz, and 3 GHz for −45 ∘ polarization (The radiation patterns for +45 ∘ polarization are similar because of geometric symmetry.) The values are normalized by the boresight gain of each frequency, respectively. It points out that the proposed antenna has stable radiation patterns. The measured radiation patterns and simulated ones are in good agreement with each other. Figure 15 shows that the cross-polarization within the main lobe remains less than −25 dB and the front-back ratio remains about 14 dB. Figure 16 shows that the measured boresight gain of the antenna is about 7 dBi across the operating band. A comparison between the reference and proposed antennas is listed in Table 1 .
Experimental Results.
The difference between simulated and measured -parameters and gains results from the fabrication error, lossy substrate, and the feeding mechanism. For simulation in HFSS, ports are added in the middle of the crossed dipole which is aimed at keeping the antenna the same as in mode analysis. Therefore, the antenna's lack of feeding balun for the sake of brevity in mode analysis also leads to the error.
Conclusion
This paper has analyzed wideband planar dual-polarized antenna based on multimode concept. By inserting a loop for 100 * 100 planar crossed dipole antenna, two modes are forced to resonate in the frequency band. Both of the modes can radiate a dipolelike pattern which has been used to form a wide operating band. The proposed dual-polarization antenna achieves impedance bandwidth range from 1.72 GHz to 3.2 GHz (60.2%) with an isolation higher than 32 dB. In addition, the compact size of about 0.33 0 makes the proposed antenna a good candidate for array application.
